Urea (200-400 milliosmolar) activates transcription, translation of, and trans-activation by the immediate-early gene transcription factor Egr-l in a renal epithelial cell-specific fashion. The effect at the transcriptional level has been attributed to multiple serum response elements and their adjacent Ets motifs located within the Egr-1 promoter. Elk-i, a principal ternary complex factor and Ets domain-containing protein, is a substrate of the extracellular signal-regulated kinase (ERK) mitogen-activated protein kinases. In the renal medullary mIMCD3 cell line, urea (200-400 milliosmolar) activated both ERK1 and ERK2 as determined by in-gel kinase assay and immune-complex kinase assay of epitopetagged ERK1 and ERK2. Importantly, urea did not affect abundance of either ERK. Urea-inducible Egr-1 transcription was a consequence of ERK activation because the ERKspecific inhibitor, PD98059, abrogated transcription from the murine Egr-1 promoter in a luciferase reporter gene assay. In addition, activators of protein kinase A, including forskolin and 8-Br-cAMP, which are known to inhibit ERK-mediated events, also inhibited urea-inducible Egr-1 transcription. Furthermore, urea-inducible activation of the physiological ERK substrate and transcription factor, Elk-1, was demonstrated through transient cotransfection of a chimeric Elk-1/GAL4 expression plasmid and a GAL4-driven luciferase reporter plasmid. Taken together, these data indicate that, in mIMCD3 cells, urea activates ERKs and the ERK substrate, Elk-1, and that ERK inhibition abrogates urea-inducible Egr-1 transcription. These data are consistent with a model of ureainducible renal medullary gene expression wherein sequential activation of ERKs and Elk-1 results in increased transcription of Egr-l through serum response element/Ets motifs.
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Cells of the mammalian renal medulla are unique in their perpetual exposure to an elevated and rapidly fluctuating ambient urea concentration. Because urea is a potent denaturant of both protein (1) and nucleic acid (2) , the ability of these cells to withstand hundreds of millimolar urea is of considerable interest. Unlike the better-studied renal medullary solute, NaCl, urea is readily membrane-permeant and is unlikely to engender a marked decrement in cell volume (3) . In addition, whereas hyperosmotic NaCl induces the accumulation of a full complement of osmotically active intracellular organic solutes or organic osmolytes (including polyols, methylamines, and amino acid analogs), urea treatment resulted in the accumulation of only a single organic osmolyte-the methylamine, glycerophosphorylcholine (3) . Therefore, hyperosmotic NaCl and urea engender distinct cellular responses.
Several genes encoding proteins essential for the synthesis or uptake of organic osmolytes or osmolyte precursors, including the Na+/betaine (4, 5) and Na+/myoinositol (6) cotransporters, as well as the enzyme aldose reductase (7) , are transcriptionally up-regulated in response to hyperosmotic NaCl. In contrast, only a single gene has been shown to be transcriptionally activated by urea. In the mIMCD3 cell line, derived from microdissected terminal inner medullary collecting duct of mice transgenic for the large T antigen of simian virus 40 (8) , expression of the immediate-early gene (IEG) transcription factor, Egr-1, is up-regulated at the mRNA and protein levels in response to physiologically relevant concentrations of urea (9, 10) . This response appears to be unique to cells of renal epithelial origin (9) , and is a consequence of enhanced transcription (10) .
Signaling of hyperosmotic stress inducible by functionally impermeant solutes such as NaCl has received considerable attention in prokaryotes (11) and yeast (12) (13) (14) . The yeast mitogen-activated protein kinase (MAPK), HOG1, is essential for osmotic tolerance in Saccharomyces cerevisiae (12) . In higher eukaryotes, parallel kinase cascades activate members of the three principal families of MAPKs including members of the mitogen-responsive extracellular signal-regulated kinase (ERK) family (15) , and the "stress-responsive" jun kinase/ stress-activated protein kinase (JNK/SAPK; refs. 16 and 17) and p38 families (18) (19) (20) (21) . Recent evidence suggests that the hypertonic stressor, NaCl, activates ERK-like MAPKs in the renal epithelial MDCK cell line (22, 23) ; however, these MAPKs are not required for transcriptional activation of genes encoding osmolyte transporters (24) .
In the present study, we show that a renal-specific hyperosmotic (but nonhypertonic) stressor, urea, specifically activates ERK1 and ERK2, as determined by in-gel kinase assay and an immune complex kinase assay. In addition, urea-inducible transcription of the Egr-1 gene is ERK-dependent because the specific inhibitor of ERK activation, PD98059 (25, 26) , abrogated the effect, as did activators of cAMP-dependent protein kinase (PKA). Consistent with a model of ERK-mediated urea-inducible Egr-1 transcription, urea also activated Elk-1, a principal ERK-responsive Ets domain-containing protein and transcriptional activator of IEGs.
METHODS
Cell Culture and Solute Treatment. mIMCD3 cells were maintained in DMEM/F12 medium (Life Technologies, Grand Island, NY) supplemented with 10% FBS (JRH Biosciences, Richmond, CA) as described (10) . Cells were growthsuppressed in DMEM/F12 without serum for 24 h before treatment with medium supplemented with urea to a final concentration of 200 or 400 milliosmolar as described (27) .
In-Gel Kinase Assay. In-gel kinase assay was performed as described (28, 29) . Monolayers were washed with ice-cold Hepes-buffered saline and scraped into 0.5 ml of ice-cold extraction buffer (20 mM (YPYDVPDYA) subcloned into the XhoI/ApaIdigested pcDNA3 (Invitrogen). Stable transfectants of mIMCD3 cells were prepared through electroporation (see below) and selected in Geneticin (Life Technologies). ERK activation was quantitated through a modification of previously published methods (31, 33) . Monolayers were washed twice with ice-cold PBS, lysed in lysis buffer (1% Nonidet P-40/150 mM NaCl/10 mM Tris, pH 8.0/1 mM polymethylsulfonyl fluoride/2 mM sodium orthovanadate/10 mM sodium pyrophosphate/0.4 mM EDTA/10 mM NaF/2 ,ug/ml aprotinin/2 gg/ml leupeptin/10 mM N-nitrophenyl phosphate), and cleared at 14,000 rpm in a microfuge at 4°C for 3 min. After the addition of S ,lI of 12CA5 antiserum (Babco, Berkeley, CA) and 40 ,ul of 50% solution of washed protein G-Sepharose beads (Pharmacia), the lysate was incubated with inversion at 4°C for 2-4 h. Immunoprecipitates were washed twice with 0.8 ml of lysis buffer, twice with 0.8 ml of TBS, and once with kinase buffer (25 (Fig. 1A) . By scanning densitometry, these up-regulations were -twofold for ERK1 and threefold for ERK2. In addition, up-regulation of several as-of-yet unidentified bands was also noted. Hypertonic NaCl (200 milliosmolar) also increased ERK activity to an approximately comparable degree (data not shown).
To ascertain whether these up-regulations in ERK activity were a consequence of increased activity, per se, or increased ERK abundance, Western blot analysis was performed. Whole-cell lysates from control and urea-treated (200 or 400 mM x 10 min) mIMCD3 cells were subjected to SDS/PAGE, transferred to nylon, and probed with a polyclonal antiserum that recognizes both ERK 1 and ERK2 (Fig. 1B) driven by 1.2 kb of the murine Egr-1 promoter (35) . Although crude pharmacological inhibitors of ERK activation have been described previously, the recent identification of a specific MEK inhibitor (and therefore, inhibitor of ERK activation), PD98059 (25, 26) , enabled the assessment of the contribution of ERK activation to urea-inducible Egr-1 expression. Cells were pretreated for 30 min with PD98059 (50 ,uM or 100 AM) or the equivalent amount of dimethyl sulfoxide vehicle before the 6-h treatment with control medium or medium supplemented with 200 mM urea (Fig. 3) . Urea increased reporter gene activity -"15-fold. Vehicle alone slightly increased both control and urea-inducible luciferase activity (i.e., Egr-1 transcription). PD98059 potently suppressed urea-inducible Egr-1 transcription in a dose-dependent fashion, without significantly affecting basal activity. In addition, shown in the inset to Fig. 3 , pretreatment with PD98059 abrogated the ureainducible increase in Egr-1 mRNA abundance as determined by Northern analysis. Not shown, a similar effect upon ureainducible Egr-I mRNA abundance was obtained following pretreatment with forskolin. Also not shown, NaCl (200 milliosmolar) failed to substantially up-regulate Egr-l mRNA abundance; hence, the effect of PD98059 upon NaCl-inducible Egr-1 expression could not be evaluated. These latter data are consistent with the marginal increase in Egr-1 transcription observed in response to hypertonic NaCl in the mIMCD3 cell line (42) .
Although PD98059 is purported to exhibit specificity for the ERKs, it was necessary to corroborate these findings. Activators of PKA inhibit ERK activation, in a putative Rafdependent fashion (43, 44) . We therefore examined the ability of the PKA activators, forskolin and 8-Br-cAMP, to inhibit urea-inducible Egr-1 transcription, as measured by the luciferase reporter gene assay. Both forskolin (100 AM) and 8-Br-cAMP (3 mM) abrogated urea-inducible Egr-1 transcription (Fig. 4) , eorroborating the data obtained with PD98059. Furthermore, both agonists inhibited Egr-1 protein expression in response to urea as determined by Western blot analysis; data for forskolin are depicted in the inset to Fig. 4 (38)). This chimeric Elk-1/GAL4 assay permits a direct assessment of Elk-1 activation (in the absence of an adjacent SRE or associated SRF) in response to a physiological stimulus. As seen in Fig. 5 , when transfected cells were treated with urea, Elk-1 activity was increased threefold; however, in cells transfected with the 5 x GAL4 reporter and only empty expression vector, there was no response to urea. [This urea effect was sensitive to a 30-min pretreatment with PD98059 (50 ,M) (data not shown).] Therefore, urea activated the transcription factor and ERK substrate, Elk-1. (22) reported that genistein failed to inhibit hypertonicity-inducible signaling, whereas the urea signaling response to IEG transcription is quite genistein-sensitive (45) . In addition, the present data link urea-inducible ERK activation to a downstream trans-activating event (Elk-1 activation) and transcriptional event (Egr-1 transcription).
In addition to ERKs, other MAPKs are potentially responsive to hypertonic and hyperosmotic stressors in cells of higher eukaryotes in vivo. p38, the mammalian homolog of the yeast osmoresponsive MAPK, HOG1, is activated by hypertonicity in mammalian cells (19, 46) . Hypertonicity also activated JNK/SAPK in Chinese hamster ovary cells, and osmotic shock of yeast cells resulted in both phosphorylation and activation of transfected mammalian JNK/SAPK (47) . In addition, both JNK (47) and p38 (19) can complement a HOG1-deficient yeast strain and restore osmotic tolerance.
Urea-inducible transcription of the Egr-1 gene is likely mediated by SRE/Ets motifs (42) . At least two Ets motifbinding (Ets domain-containing) proteins have been identified and cloned; whereas Elk-1 (48, 49) has been implicated in transducing MAPK-mediated signals, SAP-1 (50) appears to function through a distinct pathway (51) . For this reason, attention was focused upon urea-inducible Elk-1 activation. Because Elk-1 functions in concert with SRF in activating transcription from promoters bearing adjacent SREs and Ets motifs (52, 53) , and because SRF may be independently activated through another ERK-independent pathway (54), a reporter gene assay with a chimeric activator (37, 38) was used to examine Elk-1 activation in isolation. The concept of compartmentalization of transcription factor structure into functional "modules" is well-described. Fusion of the Elk-1 activation domain to the DNA-binding domain of the yeast transcriptional activator, GAL4, permits quantitation of GAL4-driven reporter gene activity as an index of Elk-1 activation. Urea activated Elk-1 by this assay, consistent with the proposed model of ERK-mediated Egr-1 transcription by urea.
In addition to being phosphorylated by ERKs, the transcription factor Elk-1 can also be phosphorylated and activated by JNK/SAPKs (55, 56) . Although urea activated ERKs, it remained possible that urea-inducible Elk-1 activation was a consequence of JNK/SAPK activation and not of ERK activation. Urea-inducible Egr-l transcription is potently inhibitable by the MEK inhibitor (and therefore, ERK inhibitor) PD98059. PD98059 appears to be quite specific for ERKmediated events, failing to inhibit activation of JNK/SAPK in a cell culture model (57) . Therefore, it would appear that Elk-1 activation is ERK-mediated in response to urea.
The present data, in conjunction with previous observations, begin to delineate a signaling pathway activated by urea in cells of the renal medulla. Urea, through a putative tyrosine kinase phosphorylation event (e.g., activation of a receptor tyrosine kinase) activates the tyrosine kinase-specific PLC isoform, PLC-y (45) . Activation of PLC--y results in cleavage of PIP2 and liberation of IP3. IP3-inducible Ca2+ release, in conjunction with diacylglycerol, activates PKC (45), which ultimately results in transcription of the IEG, Egr-1. The mechanism through that elevated ambient urea concentration induces ERK activation remains obscure. It is likely that ERK activation in this, as in diverse other, contexts is a consequence of Ras-induced activation of the MAPKKK, Raf (reviewed in refs. 15 and 58) . Raf, in turn, activates the ERK activator, MEK. Alternatively, activated PKC may directly activate Raf (59) . MEK is likely to be involved in the present model because the MEK inhibitor, PD98059, inhibited urea-inducible Egr-I transcription. Urea-inducible ERK activation then results in activation of the ternary complex factor, Elk-1, which activates transcription of Egr-I through SRE/Ets motifs. This putative sequence of events serves to underscore the active role taken by physiological concentrations of urea in signaling to nuclear events in cells of the renal medulla.
